Dynamic voltage scaling (DVS) is arguably rhe most eflective energy reduction technique. 7kle multiple-voltage DVS system, which can operate only at pre-determined discrete voltages, are practical and hove been well studied. However, one important unsolvedproblem is how many levels and at which values should voltages be implemented on 4 multiple-voltage DVS system to achieve the marimum energy saving. We refer this as the voltage set-up problem. In this paper, ( I ) we derive analytical solutions for dual-voltage system. (2) For the general case that does not have analyrir solutions, we develop efficient numerical methods. ( 3 ) We demonstrote how to apply the proposed algorithms on system design. (4) Interestingly, the erperimenrnl results suggest that the multiple-voltage DVS system, when the voltages are set up properly, can reach DVS technique's full potential in energy saving. Specifically, on the design of an ad hoc applicarionspecific system and the design of the MPEG video encoder, we find that the best single-voltage systems consume 150% and 20% more energy than the right theoretical lower bounds, respectively. However, our approach gives dual-, 3 . . and 4-voltage DVS system settings that are only 17.6%. 4.9%. and 2.6% for the ad hoc system, and 4.0%. 1.1%. and 0.2% for the MPEG video encoder. over the same lower bounds.
Introduction
Energy consumption has become a major design issue for modern embedded systems especially battety-operated portable devices. Although leakage power becomes more significant in such systems, dynamic power still dominates in designs with the current technology such as most DSP systems. Dynamic voltage scaling (DVS) technique varies the clock frequency and supply voltage according to workload at run-time to reduce dynamic power and save energy It achieves the highest energy efficiency for timevarying computational loads if voltage can be varied arbitrarily [l, 121. However. physical constraints of CMOS circuit limit the applicability of having voltage varying continuously. Instead, it is more practical to make multiple discrete voltages simultaneously available for rhe system. Transmeta's Crusoe, AMDs Mobile ArhIon and Intel's XScale are all examples of advanced highperformance mcroprocessors that support DVS for low power.
Most existing work on multiple voltage DVS systems assume that voltage values are given and focus on how to utilize this option to minimize system's energy consumption [3, 7, 8 , 11, 141. For example. Raje and Smafzadeh [I41 proposed a multiple voltage scheduling algorithm to assign voltage level to each operation in a data flow graph to minimize power consumption with a given computation time constraint. Dual-voltage (5.0V and 3.0V) and 3-voltage (5.0V, 3.0V, and 2.4V) were used for experimental purPermission 10 make digital or hard copier of all or part of this work for personal or classroom use is granted without fce provided that copies are not madc or distributed for profit or commercial advantage and that copies bear this notice and thc full citation on the first pagc. To copy otherwise, to republish, to posl on S C W C~E or to redistribute to lists, requires prior specific pcrmission andior a fee. [6] considered the design of finite impulse response filters and applied Lagrangian method to find the 2N+1 voltages for power minimization, where N is the order of the filter. In this paper. we consider the application level voltage set-up problem: how to derennine the number of voltages and each voltage value on 4 multiple-voltage application-specific DVS system such that the system's energy consumption is minimized? The differences between ow work and the ones mentioned above are: I) we do voltage scaling at application level instead of gate level, and 2) we solve the problem for any number of voltages instead of only dual voltages or levels tightly bounded to applications.
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We formulate and provide practical solutions to the voltage set-up problem that seeks the most energy efficient voltage settings in the design of multiple-voltage DVS system. This work is a novel extension under rhe DVS research framework. Our main contributions include: (1) analytical solutions and a linear search algorithm for dual-voltage DVS systems, (2) a linear approximtion algorithm for the general multiple-voltage DVS systems. When we use these results to guide multiple-voltage DVS system design, interestingly. The remainder of this paper is organized as follows. Section 2 formulates the voltage set-up problem. Section 3 explains our approaches. Validation of our methods and experimental results are presented in Section 4. We conclude the paper in Section 5.
Problem Formulation
We consider the design of an embedded system to perform a set of applica!ions (or a single application with uncertainties in execution time). The system has multiple voltages to support DVS.
Application Model
Each application has a (or a set o f ) specific amount of computation requirement [ 131, or equivalently, a certain amount of CPU time to complcte the computation before a deadline constraint.
This situation occurs in systems (such as DSP systems) that run a single application characterized by the repetitive processing on periodically arriving input samples and each iteration must be completed during its period. It may also happen in systems that assign a fixed amount oftime to each ofthe applications.
Note that an application's execution time can vary dramatically due to a number of factors such as data locality and correlation, I/D cache misses, or pipeline stalls. Howevcr, it is possible to obtain the application execution time distribution from the system's detailed timing information or from simulation on the target hardware [15] . We adopt the assumption in [4] that the real execution time can be known as a priori, which is possible particularly in application-specific DSP systems. We also assume that the i-th application is characterized by triples <e,, di, p,>, where 6 is the execution time, d, is the deadline, and p, is the probability that the system executes the application. We mention that e: s can be the execution time for different applications or different execution time for the same application.
Multiple-Voltage DVS System Model
We assume that the target multiple-voltage DVS system has m levels of supply voltage (V, < V I < ... < V, ), which are physically implemented on the chip. The system can also apply the "system shut-down mechanism" for energy efficiency. We further assume that the system can instantaneously switch its operating voltage from one level to another with the power dissipation 
The Voltage Set-up Problem

Solving the Voltage Set-up Problem
Suppose that the i-th application has deadline d, and requests e; 5 d; as execution time under the reference voltage Vdd(ren. We can compute its ideal voltage V u at which the system will complete the workload at d; with minimum energy consumption [8, 12] .
Without loss ofgenerality, we assume that yo C V , O 5 ... 5 yo are the ideal voltages for the n applications and V, < Vz < . . . < V, are the m voltage levels to be set up on the system. Any solution IO the voltage set-up problem must satisfy the following lemmas: Lemma 2: There exists at most one Vi E (V:-, , Vp ] for any k>l Thcse two lemmas not only ideniify non-optimal voltage settings, they are also fundamental for our proposed solutions to the voltage set-up problem. In the rest of this section, we first present the analytic solution and an exact approach for the dual-voltage DVS system. We then give an iterative approach and a linear approximation algorithm for the general case with m voltages, where m is given, and the applications have n distinct possible execution time. Finally we discuss how to determine in, the number of voltage levels, in order to achieve the maximum energy saving.
Case I: m=2 and n=3
We first consider a dual-voltage system (m=2) with three applications (n=3). For simplicity, we assume that each application has one fixed execution time. Clearly, this is the simplest non-trivial case because one can simply use all the ideal voltages if m 2 n.
Let V,<V2 be the system's two voltages and V," 5 
Case 11: m=2 and n>3
In this case, from Lemma I and 2 we h o w that V, = Yoo and 
< t [ v , " ,~~'~" ] .
We seek for V, that minimizes the total energy consumption and meets all applications' deadlines. Assuming that V I E [V:.,,Vp], the problcm becomes to the sane as Case I so we can solve it optimally (step 4) by Theorem 1. The loop from step 3 to step 6 finds the hest V I .
Case 111: m>2
When there are more than two voltages availablc, the system still uses at most two voltages to execute each application for energy efficiency [8, 12] . Analytic solutions for this gcneral case do not exist, we thus propose an iterative approach and an approximation algorithm to efficiently scarch the solution based on the convexity of the encrgy function.
be thc optimal k-and (k+l)-voltage set-ups respectivcly, then we multiple voltages on the same chip does require additional hardware and will cause area, delay, and also power penalties. Therefore it becomes important to investigate the tradeoff between more voltage levels and the overhead they introduce. Figure 2 shows a scheme on how to determine the optimal number ofvoltage levels. The threshold energy cost Eth,m measures the additional hardware cost in having (m+l) voltages instead of m voltages. We assume that this threshold cost can be obtained empirically.
Simulation Results
There are two goals in our simulation: demonstrating the importance of voltage set-up problem and validating our proposed approaches. We formulate the voltage set-up problem in two examplcs based on a set of randomly generated applications ( Table 1) and thc MPEG video encoder (Figure 3) . The problems are then solved both analytically and numerically by using our approaches. Finally we compare the energy consumption under different voltage set-ups obtained by using exhaustive simulation in Matlab in order to test the correctness of results and the effectiveness of our proposed methods. Note in this section the energy is in the unit of dissipation in one CPU unit at the reference voltage 3.3V. For each example, we apply the proposed approaches to find the best voltage set-ups for dual-voltage, 3-voltage, and 4-voltage DVS systems as reported in Table 2 . We also list the energy consumption of the ideal DVS system, where we have one voltage for each possible execution time, and the best fixed-voltage system in the table for comparison.
For the first example with two ad hoc applications, multiplevoltage DVS systems save significant amount of energy over the fixed-voltage system. The saving is more than 53% when we carefully choose the second voltage on the dual-voltage system. With the addition of the third and fourth voltages, we see the continuous increase in energy reduction. On the other hand, comparing to the lower bound in the ideal system, the best fixed-voltage setting consumes more than 150% additional energy. But this "wasted energy drops to 17.6%, 4.Y%, and 2.6% for the dual-, 3-, and 4- 
Conclusion
We consider the voltage set-up problem for application-specific multiple-voltage DVS systems. The problem seeks to determine the number of voltage levels and the voltage at each level to minimize the energy consumption for a set of applications. We give analytic optimal solution for the dual-voltage system and develop fast iterative and approximation approaches for the general case. The hardware overhead to supply multiple voltages, once obtained, can be conveniently integrated into our techniques to solve the voltage set-up problem. Simulation results show the correctness and efficiency of our approaches. We also observe that multiple-voltage systems can reduce energy consumption almost as much as the ideal DVS systems, which implies that the full potential of DVS can be reached by the practical multiplevoltage DVS systems. We are currently examining ways to extend our approaches to more complicated applications from real life.
